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Note an the porfocnanoo  of propulsive ducts 

f°«feu*gcwomcEl 
A.R. Uowoll and liarjorie Hcttau      I       M.P*r—«*C* WX 

R.A.K. Reference:    En3./E.6/22&VArav^55 

1.0  Introduction 

Previous calculations   at thu R.A.E.  on the porforr.anco of 
propulsive ducts hnd boon baaod on approximate uothoda as sonic oetinato of 
their porformnneo was required quickly nt the- tino.   Those first calculation* 
were used for thu airoroft performanoc estimates in the note2 on supersonic 
flight.   Tho bluest errors involved, as have boon pointed out verbally 
by Rolf nnd in a note-' by Griffith, woro tho ncgleot of ooopresslbility in 
tho calculations of tho pressure losses in thu combustion chamber, and, tho 
use of the airoroft total head density instead of the true density at inlet 
to the combustion chozfeor, in estimating the mss flow through tho propulsive 
ducts. 

This second note gives the results of a more accurate estimation 
of the porformanco of in-opulaivc ducts using tho same basic losses and 
officionoies as in tho previous note. 

2.0     Method of calculation 

2.1   General 

• The following values of efficiencies and losses wore used in tho 
•performance estimation. 

(a) Intake efficiency 1O0JJ for Mach numbers below unity, but with tho 
appropriate shook loss taken into account for llnoh nunbors .Toator than    "-^<VN 

(b) Combustion chanber of constant oross-scotionol area, '• 
head pruBSuro loss equal, for incompressible flow, to four 
inlet velocity head plus the fundamental loss duo to heating, 
was made for the effect of compressibility. 

(a)     A corfeustion fuel loss of 5ft corresponding to ,a oharibor with 
pressure loss ns taken in (b). 

(d)      A jut adiabatio efficiency of 95J i- 

The-true density at inlet to the combustion chamber was used for 
estimating thu rooss flow through thu propulsive duct.    Tho effect of 
compressibility on the losses in tho aombustion ohsnbcr which bad been 
ne;lcctod in it*, previous calculation1 was also taken into account in 
tho present calculations.   To simplify the ocloulations a. oonstant 
Bpuoific heat was  \ssunod and tho small' oi¥oet of variable specifio heat 
on thrust was neglected, tho fuel consunptijns though wore given an 
approximate correction for the variation of specific heat.    Details of the 
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method of cnloulition rjre riven In the follor/in-: seotion and the notation 
used is shovn with the sketch of tho propulsive duct in Flg.l. 

2.2 Intako 

The intako odlabatio efficiency   fotc*2^ iB based on the total 

head pressure (Pfcoto)  after the intake or at inlet to the eonibustion 
*-l 

chosber and is niven by /'/P*B+ \ T*      *\ 

where r^ and T- are the pressure and tentperature of the anibient air 

respective Ijr and Ttoti^ Ttrt2) is the total head tomparaturo equal to Tx 

plus-tho temperature corresponding to the aircraft velocity.   For Ifaoh 
numbers below unity this efficiency is taken to bo MCpS, but the appropriate 
piano shook wove losses arc taken into account for. the aircraft spoods above 
sonic.   A curve of   tytoto against Maoh number is given in Fig.2, the values . 
plotted era somewhat difforont from .those quoted in the previous note.1 as 
the latter woro based on static pressures before and after the shook wave. 
Tho method of calculation is well known but is given in Appendix I for 
completeness. 

2.3 Combustion chamber 

Tho effeot of compressibility on the fundamental loss due to 
boating and the estimation of choking flotre in frlotianloss combustion 
chambers can be found by using the principles of momentum as in P.of.3.   When 
aerodynamic losses arc introduced by baffles,  skin friction, etc., tho 
calculation can only bo mado on certain simplifying assumptions such as 
with the aerodynamic drag concentre, tod at inlet and outlet from the rirnifrustlw 
chamber.   But oven under those conditions tho losses and joholdng flows 
depend considerably on the manner in whioh tho loss is introduced, such aa 
axial or radial flow with baffles, mixing of streams, skin friction, etc. 
So that, in tho absence of sufficient experimental evidence or more accurate 
theoretical estimations, a simplified conception of tho effects of com- 
pressibility has boon used in this note. 

The incompressible combustion chamber loss equal to U inlet vol°* 
oity beads plus a fundamental loss of (Ttot^Ttot   - 1) volooity heads is 

used to determine tho size of an equivalent nozzle which will give tho same 
total incompressible loss aa tho combustion chamber, if it is assumed that 
all the velocity hoad at outlet from the nozzle Is lost.   Keeping tho also 
of the equivalent nozzle fixed, it is then easy to calculate the effeot of 
oomprossibility on tho losses which are equal to tho outlet volooity head 
from tho nozzle.   Tho method of calculation1 and tho curve used arc given la 
Appendix II, and Flg.3 respectively.   The choking of tho flow may occur 
in tho equivalent noszl.. or at outlet from the combustion duet depending on 
tho relative values of tho aerodynamic and fundamental losses respectively. 

In tho following table values, calculated by the above method, 
are given of the inlot Mach number (JL ) to tho combustion chamber and of 

tho ratio of tho (oompressiblo/laoompresslblo) leas under choking or 
mad— mass flow conditions for various temperature ratios (TtotjAtots)* 

1 Steam Sham _. 

^ 
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Tt"otj^Ttot2 

Choking 'in2 

Incompressible los3 
(Comp:/lnoarap; )1OSB 

The above cone i t of the offset of compressibility is 
unsatisfactory for the ideal combustion chamber with no aerodynandc losses, 
but it appears to give a fairly good approximation for an average low- 
I033 chamber if the aerodynamic losses arc comparable with -the fundamental 
losses. 

2.4   Jot 

The Jut conditions arc defined by an adiab&tic Jet efficiency 
( >yt) of 95fS ^<hore 

h - v*i* X 

'f-c^Wr} 
where p,   and 1,  refer to static conditions at the Jot and P^ot* and 1.   . 

refer to total hoods after the combustion chamber.    The Jet velocity (Vi ) 
is given by the temperature drop 

<*tot3 - jy    =   V*/2kp. 

2.5 Ovornll porf romance 

TIVJ calculation of the overall porfonnanco is straightforward 
once the losses etc. of the previous sections have been determined.   The 
actual calculations con be carried out in a tabular form as given in 
Appendix III.    It should be noted that the bottom half of Fig.2 gives a 
curve which Is used for the approximate correction of fuel consumption for 
variable specific heats. 

The results of this performance estimation are shown in Figs, 4 
to 15 for aircraft speeds from 300 to 1500 m.p.h. and gas temperatures 
after combustion from 1000 to 2000 C abs. (both ranges quoted being equivalent 
sea level).   At the higher speeds the thrust curves are stopped when thoro 
is choking in the combustion chamber.   The drags given in the above Figs.4- 
to 15 are the internal drags of -the propulsive ducts when there is no 
combustion.     The intake area is defined as the area at inlet with a 
velocity .of flow equal to the aircraft velocity, other values of course 
of this velocity of flow will give correspondingly different Inlet areas. 

The weight of the internal or "engine" parts of propulsive ducts 
are of the order of 50 to 100 Tiba, per square foot of combustion chamber 
cross-sectional area. 

3.0   Comparison with previous calculations 

A comparison with tho previous calculations    *    is shown in 
Fig.16 for a (combustion chambor inlet velocity/ aircraft velocity) equal 
to 0.1, this being tho value usod in the supersonic flight note?.    The 
differences involved are not very large so that the conclusions of Ref.2 
should not bo affected.      o-./cver, at higher values of combustion chotiber 
inlet velocities the differences become large, especially at tho higher 

aonoli OBJ*S* 8wss o»*— 
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aircraft speeds and gas temperatures. 

lt.,0   Concluaicns 

This note givu3 the results of a general estimation of the 
perl'ormnnevj uf propulsive ducts covering aircraft speeds froci 300 to 1500 r..p«h. 
and g-is tenpumturos after conibustion from 1000 to 2000°C.aos. (both   . • * . 
equivalent sua level).    It is intended to replace sor.e less accurate results 
given in % previous note »hero various compressibility effects were 
noglectcd. 

I 

22*. 
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Intake efficiency 

For intake Each numbers lower than 1.0 the intake total head 
efficiency was taken to he l.XJ,'i. 

For intake uach numbers higher than 1.0 the intake total 
head efficiency was calculated and is plotted in Fig. 2 against inlet iiaeh 
number. 

To do this it wis first necessary to obtain big, the itech number 
after the intake, in torus of :.i^, the Uach number of the air before the - 
shock wave.  Having done this, the tothl head efficiency was obtained in 
terms of Mi and M2 ""^ could then be plotted against Mi- 

lt should be noted that the suffix "n" on 1%) for liach number 
has not been used in this Appendix and that the suffix 2 rofera to 
conditions iioaedmtely after the shock and not to those at inlot to the 
combustion chamber. 

Considering continuity, the Mass flow before and after the 
shock wave must bo the saiitc, and the area ia also the same 

. . k   Px Vi = A (02 V2 

or   f>x  Vi   = pz V2 
.-.   vi    pz 

V2-PI Pi      T2 

giving     _?.    m ViT2 

V2Ti 

Then since   M _        V 
" JSta 

p2    = 
Pi 

Ml   /§[ 
M2  JTi 

ft) 

Assuming frictionless flow, the force on a plane before the 
shock wave will bo the same r.s  the force on a plane after the shook wave. 

.'. j?jA + CAJ VX    = PgA + to V2 

or  Pj. • px Vx2 = P2 • (02 v22 

and  P, -t- i + KT7 * VI - p2 + W-2 * v; 2 

P1 (i + z*f) =p2 d + v^f 

sssas*.aR?» 
^ 
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1-9 •   5.1'   giL   (2) 
Fi   i • riig2 

frou conservation of energy 

Vtot • Vi + ^viz= Vz + *v22 

. Itot    =    tx{l + ^ itf ) = T2 (1 • *=i *2
2}      (3) 

• * • rr%?    V- * 
Fran equations (1),   (2; and (4) 

/ 1 + ^Mi2 

It now remains to obtain the total head intake efficiency, 

M^i 5 tot  =     * '      ' in teraa of M^ and Kg» 
'   2        Ttoti 

Li ptot2\ >   _ ftotg 
p2 y   ' T2 

y-i to 

-a ^ 
= (1 + ^ «52) *l      * '' ' 1i  I ***** «l«ationB 

m 

^,tl - l r, iti   U,2    from equation (3) 
Tl 2 

(riving the total head intake efficiency     Vtoto i"1 terms of &•. and Kg as: 
y-i 

7*0*2 ~S 
^¥V)-^rf->\ 

-* MnSI SECICt emd SECBEl 

M 
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ATTEtmiX II 

Cu: :hu3tinn ch:'xibor lussos 

It was nocess'My ta find a netted of calculating loroes of total 
herd pressure in the uoribustion chamber which would apply equally to 
cotipnisaible and incompressible flow. 

A method of Joins thi3 appear«3 *o V ±.c consider the flow as 
beinc in nn oquivt.lont nosnlc of diaoV.if-„• sfc«\. * {' r .»~-<t>ust Ion eharibor 
area), giving the required losses foi   inci-proanijJ i I'l   • Mid which would 
also apply t- cuapressiblo floor. 

Incompressible flow:« 

Total head loss 

/ Ttot3   "\ v/horo ( -    -* • 1 J   x      (inlot velocity Uoad) it tw   aiwuitnl lev,* due to 0 

(.• *tot, \ ) 
J[ £_ -1+4.V    s ;; 0.A v 1    i+.- hood) 

\V Ttot2       >      / 
/ Ttot^ 

\Ttot2        , 

f-nd 4 x (inlot velocity head) Is a^rodynanjo peouxv-    i^is 
Total head loss    „ ptot2 •» ^tot* _ T(.c.^_ 

or inlot velocity lioad "    i _„• ;'     " *•—— O••••• •• I1) 
SPV2 -tot_ 

For iin equivalent nozzle of disci   tv . •. m.        i j ^.m the same 
losses as a conbustion ahniribor of area A:- 

ptot2 " ptot3   "   Ptot2 • 
p

n       whore pn is •*• Uc" I,I,-*»U» i" •«sJ*» 

s   £fVn where   V   iu -clccit,  in nozele 

2       1 
-   Z^'V,,   x^j 

• Total head loss in nogs la _ i 

For too loss in total head in the nozzle to be equal to the loss 
in the combustion chamber given by equation (1) 

Etotg 

Ttot2 

- 

ffith 'standard entry conditiona» (14.7 Ih./sq.in. and 288° Cabs) 
and values of Vn frou 0 to 1000 ft./scoond, AT, thb temperature drop in 

the equivalent nosslo, io calculated from the formula:- 

o 
A T   =   gr-   =   0.461 (jgj ) where & T is i'  ^1 end V  is in ft./ 

T sec. 

^oZ. UidMd »««• SBCBEI^     J  A 
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The pressure <lrop Ap is calculated for each value of V fron:- 

.7 I 2 
ffivin::    AP = 14.7 £ -I1 - 535") Ib./sq.in. 

The relative d/enalty 6" for each value is given by:- 

-• -   14-7 - A r 
14.7 

V 18.3 '->'> 
5°°"     =   ~6T~ 

' 2'Jfl-AT 

100 
18.8 

where :<J is mass flow in lb/soo 
A is area in sq.in. 
S is relative density. 

In order that calculations may be rton<; fron inlet conditions of 
Ttot2 'Tnd Ptot2» thfc values for  V    are plotted in fig.3, as  Vn x/~l 

14.7 " tot2 
and for h.V as   iFx Pt0t„ • 

f ?tot2 1). .7 -10*2 
j    is plotted as    j   X    «-^ xj -2-gg-- 

1288 I •  -' 
Choosing a value of V- through the equivalent noazlo   V Jltot 

A ^7 is calculated rjid   D. P x :r-•"     can bo read from f ig.3. ttpt2 

A P            I'toto 
Then (1 -   pT~".    ) x   •    £   gives the pressure ratio nftor the  

° 2 id      14.7     |Ttct2 
combustion chamber and, f ror.i the corresponding value of     TT * §T—     'i   gflj 

the mass f low M through the equivalent nozzle and through the combustion 
chadbcr is calculated. 

fcittth Mu*.    LUU.T and SECHET 
I Untod BiatM SECRET - 

i r< i 
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••TFBipiX III 

overall perf oicnanoc calculation 

rate performance calculations have to be made for each air- 
craft speed required. 

The temperature rise A T duo to the appropriate aircrci't 

•'x v,)2 

velocity in f.p.3. 

The total head pressure ratio i3 obtained from 

»1 «i    2 
velocity is obtained fron AT    =   gr-     =    .4-61 (Toff )      where V^ i3 the 

Ftot2 5.51 
R2   =   1w   =   ^ +  Vtot2 _BJJ ^ whare  "Vtot   is the intake 

efficiency. (Appendix I). 

Ptotg 236 
Th'. relative density   6 o at intake is        •   _    x     •    ' " 

* ... ^ *tota 

The calculations \rcro performed for temperatures Ttot, sftcr 

combustion of Ttot , 1000, 1500 and 2000°C.abr.. 

268 
For each aircraft speed four values of Vn •   wore chosen xtot2 

."jid calculations at each Ttot3 vraro based on those values. 

V^ _ vi v2(. = J°t velocity in f .p.s. 
Thrust    =    x u) whore   Vj_ • aircraft velocity in f .p.s* 

t w a mass flow in Ib./scc. 

Usin;: fuel of ft calorific value of 10,300 C.:,.ff.  said allowine 
for 5'/ not beinf; burnt 

100 
conation = 0.08W * "^ x (Ttotj - Ttot2) x     0>x ( ^ygSiliir^) 

.rican specific heat 
whore the final term ('' OmUlA "~~ ) *° roail» f OT th(s appropriate 

temperature after coribuation, from fiR.2. 

Area of Jet = 
ia.6 i»l  x 100 
5 4. X V4 x WA 6 k\ 

13.05 x tO where   6",   is relative 
_   .    -it. **• 

density of Jot. 

Overall efficiency =    "•"-**»« SS B  
10,300 X 1,400 

. f,    njjor.af.t. —fl la fct_h» 
3,66 x 322  a    """—————————»—*———— 

specific fuel consumption 

British MOST SECRn and SECRET 
•ouai» United SlatM SECBGr^- u 
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Ttot, 

Nfc* fc^> •. 

*«** 

t outlet inn tho coDbuQtion^P^nbor is 1.0 and the flow 
a the curves ;m. stopped ii' tlvj r.ass flow reaches this v. 

The actuJ. performance calculations at each airorWt speed were done 
n the followinc tabular for.ii for soa level conditions. 

Vi\2. 
Intake >7tot2    =    (fiE.2).Velocity temp.risoAT =  ^Slfjjjg) 

3.51 *tet2   _/,   .   1; ATV*^   D        ^ 
^y " \.x +   7tot2 m)      - H2=- <T2 » 

5 

£ 

7 

B 

9 

10 

u 
1.- 

13 

v, 

IS 

16 

17 

Ir) 

Ttot3    °b.«»* 

J       1 .   / T * «•      / 

<d       1 
JT'R 

"1, -it.. 
"53JT 

Ttot2 

28S~ 

J TU •tot2 

VW/aircruft sliced in f.p.a. 

lb./sec. 

14.7 
AP * P't'oTs 

Ar/Ptot2 

1 -  APAtot2 

Jet iirocsuru ratio. R* 

Adiobatic temp.ratio jet 

Adiabatic tamp,drop Jot °C 

o 
Actual tcrap.droj;. jet   0 

Vr ft ./sec. 

Ttot5(
no combustion) 1000 150O 2000 

V 7(Ttot3/Ttot2)+3 

Values chosen 

/Ttot2 
W * i "SB" 

Prom fig.3 

(5) x (2) 

Bead from fig.3 to correspond with (6) 

(7) x 
Htotg 

238 

(8)/aircraft spood in f .p.s. 

(«) */j^2 « R x 144 

Prom fig.3 to correspond with (3) 

(11)/14.7 

1- (12) 

(13) x R2 

(14) 

US. 

.2 

^ter XT' tot3 

I 

.95(16) ( -y.   => 95?0 

10- 
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AFFETTOIX"III~ oonrcfifiBj 

Ttotj °C.abs. TtotgC110 coribuation) 1000 1500 2000 

19 

?0 

a 

23 

24 

26 

Z7 

23 

29 

50 

Vx ft./soc. 

\ " vl ft•/3UC' 

Thru3t - lb./sq.ft.c.ch. 
area 

Consumption lb./hr. 

Specific consumption 
Ib./hr./lD thrust 

o 
Tonporature Jet     C obs. 

Relative density Jet 

Area Jot    3q..ft, 

Overall efficiency 

A ' Ftot3*J "55T 

Area inlet/aroa a.ch. 

Aircraft velocity'in ft./soo. 

(18) - (19) 

g| x m 

O.08U7 x (Ttot3. T^xflO) 

x A^i^^£i°ij2«l (rroB flg.2) 

(22)/(21) 

(1) " (17) 

288/(24) 

13.05 x (10) 
125) * M 

3.66 x aircraft speed in m.p.h.,/100 

TOT* /ro*/sdr 

_..      13.05 x (10) ..,••- 
l"*:" aircraft velocity "in ftt/soo. 

-11- 
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